The prediction of sediment erosion is an important issue in coastal engineering projects. There are methods for predicting the erosion of cohesive sediment (mud) and non-cohesive sediment (sand), but there are presently no relationships for mixed sediments. However, natural sediments rarely consist of only mud or sand and the erosional properties of combined mud and sand sediments are required so that the whole spectrum of natural sediment size combinations can be modelled. This paper attempts to characterise the erosion behaviour of mixed sediments in a way that can be used for predictive models. In this paper mud (or fines) is defined as clays and silts, which pass through a sieve of size 62.5 pm, and sand is defined as the fraction retained. The collaboration between European researchers in the framework of the MAST G8M project has resulted in the accumulation of an extensive amount of data on the erosion of mud/sand mixtures. The data, which originate from both laboratory and field experiments, has been used to examine the physical processes behind the erosion behaviour of mud/sand mixtures. It was found that adding sand to mud, or vice versa, increases the erosion resistance and reduces the erosion rates when the critical shear stress for erosion is exceeded. The highest values for the erosion shear stress of homogeneously mixed beds occurs at a maximum in the region 30 to 50% sand by weight. The most significant effect on erosion resistance occurs on the addition small percentages of mud by weight to sand. The mode of erosion also changes from cohesionless to cohesive behaviour at low mud contents added to sand, with a transition occurring in the region 3% to 15% mud by weight. The erosional properties are also strongly dependent on the history of the bed and it is common that mud and sand segregate under typical deposition conditions owing to their different settling velocities in water which creates discrete layers. The erosion of these segregated beds should thus be modelled as a sequence of mud and sand erosion "events".
Introduction
Historically, erosion studies have concentrated largely on the behaviour of either cohesive or cohesionless sediments because their properties are very different. The erosion resistance of a sediment is usually parameterised by the critical shear stress for erosion (Tag, the shear stress at which sediment motion is initiated) and the erosion rate, dm/dt once threshold conditions have been exceeded. The erosion of cohesionless sediments has been studied by various researchers, for example Miller et al. (1977) . Cohesive sediment erosion has also been investigated, and a good paper representing this work is by Mehta (1991) . In a recent study Mehta and Lee (1994) have addressed some of the problems involved in determining the validity of cohesionless and cohesive sediment erosion threshold concepts. The erosion of cohesionless sediments (termed "sand" , grain size greater than 62.5 pm) depends on factors such as the grain size distribution, the shape and the density of individual grains. For cohesive sediments (termed " mud' ' , grain size less than 62.5 km) electrochemical forces are important and a large number of parameters affect the erosion including the mineral composition and organic content, the biological processes, the compositions of the pore water and eroding fluids, and the consolidation and time-related histories of the bed. Teisson et al. (1993) concluded that there still exists a lack of knowledge and hence theories concerning the relationship between sediment erodibility and the parameters which describe the sediment. One of the major gaps in our understanding of sediment transport concerns the erosion of mixed cohesive and non-cohesive sediments.
Recently, new research has been carried out within the European Community MAST 2 programme -G8M Coastal Morphodynamics.
One of the areas of research studied within GSM under its Project 4: Cohesive sediments, has been the topic of erosion of mud/sand mixtures (MAST G8M, 1995) . This programme involved extensive collaboration between different European research institutes. Laboratory tests, field surveys and mathematical modelling have been carried out to improve our understanding of mixed sediments.
Previous work on this topic has indicated that the erosion resistance of a sediment bed increases with increasing mud content added to sand due to the cohesive effect of the mud in binding the sand matrix together (Amos et al., 1995; Collins, 1989; Kamphuis and Hall, 1983; Kuti and Yen, 1976; Murray, 1977) . Conversely, small amounts of sand added to mud also increases the erosion resistance possibly due to changes in the micro-structure of the mud (McCave, 1984; Partheniades, 1965) . A laboratory study on the erosion of mixtures of sand and clay by Alvarez-Hemandez (1990) showed that there was an optimum mixture composition for which the erosion resistance is at a maximum. Other researchers have addressed the factors which affect the erosion resistance of cohesive-based sediment. The critical shear stress for erosion increases with depth into a sediment bed because of consolidation and physico-chemical changes due to overburden and the variation of particle size with depth (Parchure and Mehta, 1985; Amos et al., 1992) and for some sites the surface shear stress increases with bed density (Williamson and Ockenden, 1993) . The consolidation process involves the expulsion of interstitial pore water from a compacting sediment over time, and results in a more closely packed sediment of greater density and lower water content. Postma (1967) found that the velocity at which erosion occurred in carousel erosion tests with Demerara clay increased with decreasing water content. Kamphuis and Hall (1983) found that the critical shear stress for erosion increased with the plasticity index of the sediment and the vane shear strength of the sediment. Biological activity can also affect the erosion behaviour (Paterson, 1989 , Paterson et al., 1990 ) and the erosion resistance has been found to increase with organic content (Young and Southard, 1978) . Thus the erosion resistance of cohesive based sediments is dependent on the many factors that effect the fabric of the exposed surface.
The mode of erosion is an important factor when predicting the sediment transport of a mixed bed. Does it erode like a sand or a mud? The mode of erosion of a mud/sand mixture depends on many parameters. In the study by Kamphuis and Hall (1983) visual observation of the erosion processes revealed that the size of particles eroded from the bed decreases with sand content. For coarse clayey-silt mixtures Murray (1977) found that sand moves as bedload whereas the fines move in suspension. Teeter (1993) also stated that the transport mode for mixtures is size dependent. At low shear stresses the finer fraction seems to be washed out, and at higher shear stresses the larger grain size material is eroded. Amos et al. (1992) stated that there are two modes of erosion for cohesive beds; "Type 1" erosion in which there is a peak in the erosion rate which rapidly decreases in time, also known as "benign" erosion; and "Type 2" erosion where a high erosion rate is sustained, also known as "chronic" erosion of material from the bed. This paper describes the results related to the erosion of mixed sediments based on a large number of laboratory and field tests carried out by the Hydraulics Laboratory of the Katholieke Universiteit Leuven (KUL) and HR Wallingford Ltd (HR). The aims of this paper are to present and combine these results and to draw some conclusions about the present state of knowledge regarding the erosion of mud and sand mixtures. The main features of the erosion behaviour of mixed sediments will be presented based upon data from KUL and HR Wallingford so that they can be applied to sedimentation problems.
Experiments on mixed sediments
Different techniques have been used to study the erosion of mud/sand mixtures. A summary of the recent erosion experiments undertaken at HR and KUL is shown in Table 1 . The experiments fall into two distinct categories; laboratory and field measurements. Laboratory-based tests have been carried out in different flumes; straight uni-directional flumes, annular flumes and wave flumes. The definition of the point of surface erosion was not the same for all of the tests as some techniques involved visual observation of the threshold of sediment movement, and other techniques depended on measuring a change in the suspended sediment concentrations to establish the onset of surface erosion. The mode of formation of the sediment beds has also been a major difference between the laboratory tests; bed types include undisturbed core samples, homogeneous mixed beds and deposited beds. The sediments used for the tests have also comprised of a variety of natural sediments from different locations, and also different Torfs, 1994a Torfs, 1994b , 1995 Williamson and Ockenden, 1992 Williamson, 1993 Williamson and Ockenden, 1993 Williamson, 1994 individual mineral types. ISIS (Instrument for Shear Stress In-Situ: Williamson, 1994 ) has been used in the field to investigate the erosion characteristics of sediments as they occur in nature. Full details of the laboratory experiments can be found in the references given in Table 1 . Because the experimental conditions, the processes of bed formation, the sediments used and the method used in the determination of critical shear stress for erosion conditions differ, it is not strictly correct to directly compare different sets of results. However, the experimental results do highlight the general features that are characteristic of mud/sand erosion.
The results described in this paper have been split into two categories because the type of bed under investigation is fundamentally different in each case.
1. Artificial mixtures. This category includes natural sediments which have been mechanically disrupted and reconstituted to form beds of two different types: -Homogeneous mixtures -Deposited beds 2. Undisturbed natural mixtures. This category includes sediments which have been undisturbed and have been investigated in the field or laboratory.
Artificial mixtures

.I. Homogeneous mixtures
Several erosion tests have been carried out in the laboratory on homogeneous artificial mixtures. These sediments comprised of natural muds mechanically mixed with sand so that the sand was held within the mixture. the bed was increased in discrete steps with each shear stress held constant until no further increase in the suspended sediment concentration was observed. At this point, the erosion shear stress of the bed was assumed equal to the applied shear stress. The point of critical erosion shear stress was determined by analysing the time series of suspended mud concentration over the test, which was recorded via a densitometer. Fig. 1 shows the critical erosion shear stress profiles against depth for these tests for sand contents ranging from 0 to 60% sand. The error in applied shear stress was estimated at f 10% It can be seen that the presence of sand both increases the surface erosion shear stress and decreases the depth of sediment eroded at a given applied shear stress. The erosion shear stress increased more rapidly with depth for the sandy beds than for the mud only bed: there was a marked change in the gradient of the line for the beds with added sand which indicated that there was a change in the erosion resistance for sand contents of more than 11%. The (extrapolated) critical shear stress for surface erosion was similar for the 0% and 11% sand beds at around 0.1 N m -2, but approximately doubled for beds containing 20% sand or higher, with a resulting value at around 0.2 N rne2. The erosion rates were calculated for each shear stress step by the following relationship:
where dm/dt = rate of change of suspended mass (kg me2 s-'), m, = erosion constant (kg N-' s-l), rb = applied bottom shear stress (N m-2), and T, = critical shear stress for erosion (N me2). The erosion rates for the beds containing sand were also found to be lower than for the mud-only beds. This may be due in part to the fact that the erosion rate (dn-l/dr) was calculated from the mass of mud in suspension (because sand was not measured in these experiments) at a given time but the rates were significantly lower for sandy beds which indicated that the presence of sand increased the erosion resistance of the bed. The mean value of the erosion constant for the 50, 20 and 11% sand tests was around 0.0002 kg m-' s-', whereas the erosion constant for the 0% sand bed varied from 0.0004 to 0.0006 kg me2 SC'.
3.1.1.2. KlJLflume tests. Flume tests undertaken at KUL were carried out to investigate the erosion of homogeneous mixtures in which increasing amounts of cohesive material were added to sand. The cohesive sediments used for these tests were kaolinite, montmorillonite, and two types of natural sediment from the Scheldt Estuary, Belgium, the sand used for these tests was fine sand with a d,, of 230 km. The amount of fine material (< 62.5 km diameter) added to the sand ranged from 0 to 30% and the corresponding critical shear stresses for all samples ranged from about 0.35 to 2.6 N m -2. The critical erosion shear stress against % fines is shown in Fig. 2 . For these tests the density of the bed was kept constant as more fines were added. The plot shows that the erosion resistance of a sandy bed in general increases with added mud, but that the rate of increase varies for the different types of cohesive material. The form of the relationship between the critical shear stress and % fines is not fully understood. At the low % fines region of the plot there is some indication that the relationship is curved and there is some indication of a decrease in the erosion resistance for Scheldt mud 2 when fines are washed out of the bed. At higher % fines the relationship appears more linear. Although the form and gradient of the lines varies for different cohesive types, the anchor point (i.e. 0% sand) of the critical shear stress was the same (at about 0.35 N m-2) because the same sand was used. The mode of erosion was also found to change with the addition of a small amount of cohesive material to sand. Fig. 3 shows the erosion rate against the excess shear stress for homogeneous mixtures comprised of kaolinite and sand. The erosion rates during these tests was calculated from the difference in the upstream and downstream suspended sediment concentrations with respect to the test section and the slope of the cumulated weight in the sediment trap (representing bedload transport). The erosion rates calculated were higher for beds containing 3% fines than those containing more cohesive material (> 3% fines). The results showed that erosion rate decreased significantly when more than about 3% kaolinite was added to sand. For an excess shear stress of about 1 N m-', the erosion rate for beds containing 3% fines (low mud content) was about 0.004 kg m-' SC' compared with about 0.0008 kg me2 SC' for beds containing more than 3% fines (high mud content). This represents a reduction by a factor of 5 in the erosion rate due to the addition of only a small amount of cohesive material. Visual observations during these tests also showed that for beds containing below 3% fines the erosion behaviour was cohesionless, with fines being washed out of the top layer and the bulk of the sediment movement occurred as bedload accompanied by ripples. The addition of a larger percentage of fines resulted in an abrupt change in the mode of erosion from cohesionless to cohesive behaviour via the transition zone at approximately 3% fines. The cohesive erosion behaviour was observed as aggregated clumps of material being removed from the sediment surface and transported as bedload. Similar experiments with montmorillonite showed a transition zone in the mode of erosion between 7% and 13% fines.
It was also noticed in the experiments that the shear stresses required to erode beds with more than 5% fines was approximately twice as large for kaolinite and Scheldt mud mixtures than for montmorillonite mixtures. This was considered to be because the kaolinite and Scheldt mud were more cohesive. The kaolinite was comprised of smaller particle sizes than the montmorillonite, and the Scheldt mud contained 10% to 13% organic material by weight. This accounts for the increased gradient in the slope of critical shear stress against % fines for kaolinite and natural mud mixtures compared with montmorillonite ( Fig. 2) .
3.1.1.3. HR flume erosion tests. Flume erosion tests were carried out at HR on homogeneous mixtures of natural muds from the Usk Estuary UK. The sand used was King's Lynn sand with a median particle diameter of 1.50 p,rn. The mixtures prepared were O%, 25% and 50% sand added by weight and had average dry densities of 547 kg m -3, 562 kg mm3 and 611 kg mm3 respectively. The densities of these beds was high and the sand was held within the mud matrix. The values of the critical shear stress for surface erosion showed considerable scatter but indicated that in general the erosion resistance increased with increasing sand content. The 0% sand beds eroded at applied surface shear stresses between 0.3 and 1 N rne2, whereas the 50% sand beds required even higher shear stresses, in the region of 1 N me2 or more.
3.1.1.4. HR wave erosion tests. Erosion tests were conducted at HR to investigate the erosion behaviour of mixtures under the action of waves, with mud from Harwich, UK, blended with King's Lynn sand d,, = 150 pm. O%, 20% and 40% sand was added by weight, and the beds were subjected to consecutive one hour periods of increasing wave height random waves in a water depth of 0.3 m. The significant wave heights were 0.03 m, 0.06 m and 0.12 m respectively, with a zero crossing period of one second and a JONSWAP spectrum was applied. All of the beds eroded at the applied significant wave height of 0.12 m, which corresponded to an applied bottom shear stress of 0.4 N m-', and a root mean square bottom orbital velocity, U,, of approximately 0.13 m SC'. The erosion rate for the 0% sand bed was an order of magnitude higher than the 20% and 40% sand beds (the erosion rate during the first half hour of the 0.12 m significant wave height was 5 to 9 X lo-' kg m-' s-' for the 0% sand bed compared with 0.5 to 3 X lo-' kg mm2 s-' for the 20% and 40% sand tests).
Deposited beds
When a sediment bed is deposited from a suspension the resulting bed has been found to be non-uniform, and the density increases with depth (Been and Sills, 1981; Ockenden and Delo, 1988) . Layered beds often result, particularly if there has been an input of non-cohesive material. This is because segregation occurs and the more compact and hence dense material (sand grains or dense mud floes) settles out faster to form denser layers at the bottom of the deposited bed (Toot-man and Berlamont et al., 1993; Ockenden and Delo, 1988) . A literature review by Williamson (1991) found that layers of mud and sand commonly occurred in natural sediment deposits. The stratified sediment beds may comprise of alternating mud and sand layers between 2 mm to 20 mm thickness, as in the case of the estuaries investigated in the SW Netherlands (Terwindt et al., 1968) . Differential settling and sorting is considered to be the main origin of layered beds, but flocculation, salt intrusion and the presence of plant material can all enhance the layering process (Williamson, 1991) . Deposited beds therefore have a different structure than homogenous beds and have thus been treated separately in the erosion investigations in this paper.
Erosion tests were carried out by KUL, in which layered beds were eroded in flume experiments (Torfs, 1994b) . Layers were input twice daily in order to simulate tidal deposition and the mud used was natural Scheldt mud with additions of uniform fine sand. The resulting beds were comprised of multiple layers with typical layer thicknesses between 10 mm and 30 mm. Fig. 4 shows the cumulated bedload against time for a layered bed in which the flume discharge was such that the critical shear stress for erosion was exceeded and the bed was continuously eroding ("Type 2" or chronic erosion). The cumulated bedload represents the mass of sediment in the sediment trap, and this includes cohesive aggregates and sand. The layers were partially consolidated and the "Type 2" mode of erosion was characterised by aggregates or lumps of material being detached from the bed and mostly being transported as bedload. The figure clearly shows that there are two phases of erosion, the first phase with a high bedload transport rate and the second phase with a lower bedload transport rate. The two lines represent two different layers within the sediment beds. layer 2 (lower layer) eroded at a slower rate than layer 1 (upper layer). This may be attributed to the increased strength of layer 2 which was deposited 0.5 days before layer 1 and had thus had more time to consolidate, and was also further compacted by the weight exerted by layer 1. This result indicates that the erosion of layered beds is characterised by erosion steps, in which the erosion rate is dependent on the consolidation characteristics and strength of the layer being eroded. The layer structure thus directly affects the erosion characteristics once the critical shear stress for "Type 2" erosion is exceeded.
Visual observations also showed that during the erosion of mixed layered beds, there was a continuous sequence of erosion events within each layer. For these tests, each layer input resulted in a thin bottom sub-layer comprising mainly of segregated sand and a muddy, sand-free upper sub-layer. The flume discharges during these tests were kept low so that the erosion characteristics of the sublayers could be investigated. The mode of erosion was different for each different sediment sub-layer encountered. The upper muddy sub-layer was first eroded and was transported mainly as suspended sediment load. A sandy sub-layer was then encountered and this eroded via the formation of ripples and was transported as bedload. Fig. 5 shows the sequence of erosion events for a layered bed erosion test, in terms of suspended sediment load and bedload against time. The suspended sediment transport was indicated during these tests by the difference between the downstream and upstream sediment concentrations with respect to the test section. For discharge step 1, there was no significant rise in bedload or suspended load and the sediment bed had not yet started to erode. An increase in discharge to about 5 X lop3 m3 SC', corresponding to discharge step 2 caused the bed to erode. The first 1000 seconds of this step (from 1500 to 2500 seconds) were characterised by a large increase in the suspended sediment load, with only a small accompanying increase in bedload. This indicated that the soft, muddy upper sub-layer was eroded predominantly as suspension. The second phase of erosion during discharge step 2 shows an increase in the bedload transport, which indicated that a sandy layer was eroded, and a corresponding decrease in the suspended load. The next muddy sub-layer was then encountered during the first part of discharge step 3 and the suspended sediment load increased again, and the bedload transport rate reduced slightly. During the latter part of discharge step 3, the suspended load decreased whilst the bedload transport increased, which again indicated sandy layer transport. During the erosion of a mixed sediment layered bed this cycle continued (in sequences of mud and sand erosion) until all of the layers were eroded. Mehta (1988) gave the following expression for the critical erosion shear stress, T_ (N me2 1, as a function of bulk density (p,, for this function was expressed in terms of g cmm3 ):
(2)
The c-coefficient for the relationship was usually found to be around 1 for cohesive beds, (Mehta, 1988) . But the c-coefficient values calculated for the KUL layered tests on Scheldt mud 1 and mud 2 showed a range of 5 values between 9 and 37 for sand contents from 18 to 53%. This indicates that the erosion shear stresses are higher for a given density in beds containing sand than for cohesive only beds. This may be attributed to the passage of sand down through a bed which may influence the structural characteristics of the bed and increase the resistance to erosion (Ockenden and Delo, 1988 ).
These results show that the input conditions of deposited mixed sediment beds influence the vertical structure of the bed. This in turn changes the erosion resistance down through a bed, and also the erosion characteristics once critical erosion conditions are exceeded.
Summary of results from artificially produced mixtures
The general results from the erosion tests on artificially produced mud/sand mixtures are:
-The critical shear stress for erosion increases only slightly with sand content in the region 0% to 50% sand when sand is added to mud.
-The critical shear increases significantly when mud is added to sand (0% to 30% mud). The slope of the line is dependent on the cohesiveness of the mud fraction and the grain size of the sand.
-There is an optimal ratio of sand content in a mixed bed at which the critical erosion shear stress is a maximum. The optimum %sand value appears to be between 50% and 70% by weight of sand. The optimum value of % sand and r,, are dependent on the mineralogy and grain size of the mud and sand fractions.
-The mode of erosion changes as mud is added to sand from cohesionless to cohesive behaviour via a transition zone (at typically between 3 and 15% mud).
-Homogeneous mud beds containing no sand appear to erode at rates which are up to an order of magnitude higher than the erosion rates calculated for beds containing up to 50% added sand by weight. Even the addition of small amounts of mud (a few percent by weight) to sand can significantly reduce the erosion rate.
-Layered beds result in density variations in the beds which affect the erosion rates and erosion resistance as different layers are encountered.
-The composition of the sediment in eroding layered sediments determines the mode of erosion; a muddy layer erodes largely as suspended sediment transport whereas a sandy layer is transported as bedload, with ripple features occurring.
Undisturbed natural mixtures
Some erosion tests have been conducted in which undisturbed sediment samples naturally containing sand have been brought back to the laboratory. These include uni-directional current erosion tests on samples from the Usk, Erewash, Clyde Sea and Marsden (HR), and Beachy Head (Collins, 1989) . These sediments are different to the artificially produced beds described earlier because they have not been subjected to mechanical mixing and the binding forces which naturally exist in these sediments have not been disrupted.
ISIS has also been used at various different sites within the UK to measure the critical erosion shear stress of natural surface sediments. The sites examined were Clevedon, Blue Anchor Bay, Tollesbury Creek and Humber Estuary. The accuracy of critical erosion shear stress using ISIS has been estimated at about +35%. Fig. 6 shows how the surface erosion shear stress varies with % sand content for the undisturbed natural sediment mixtures. Most of the data was collected from intertidal sites, except for the Clyde (0) and Erewash (z) sites which were subtidal and riverine, and these samples had higher values of critical shear stress. There is little indication that there is an increase in shear stress with density for individual sites, but there does appear to be an overall trend as indicated by the regression line of a slight increase in erosion shear stress with sand content when considering only the intertidal sediments in the range of 0% to 50% sand. The erosion shear stresses measured in-situ with ISIS varied from 0.05 N me2 for soft, sand-free beds to 1.9 N m-* for sandy, consolidated beds. The shear stress at each site under natural conditions will be dependent on many factors including chemical and biological influences within the sediment and the history of the bed. The density of these beds which is not taken into account on this plot can also significantly affect the erosion resistance. In order to make more comparable measurements of critical erosion shear stress in the range mud to sand in the field, improvements in instrumentation and method need to be made to evaluate the erosion of both mud and sand from the bed surface as opposed to just one type of sediment. More measurements of 7Cr on undisturbed mixed sediments are required to obtain a better understanding of this relationship. Fig. 7 shows the critical erosion shear stress against bulk density for natural mixtures. The critical shear stress appears in general to increase with the bulk density of the sediment. There are different trends for different sites and mud types because the mineralogy, pore water chemistry and biological influences are different for each sediment. Tollesbury Creek (symbol A) was a biologically active site and the sediment contained many worms. This data set shows considerable scatter in the relationship between critical shear stress and density, and possibly a decrease in T,, with density and at this site other factors may have more influence on the erosion strength of the sediment. The Blue Anchor Bay (symbol 0) site showed less scatter in the data for and possibly an increase in the critical shear stress with increasing density, but this site was relatively low in biological activity compared to other sites. The density of the bed may be determined by the consolidation of the bed or the presence of sand within the mud matrix. The passage of sand down through a bed has also been shown to increase the density of the upper, sand-free layer (Ockenden and Delo, 1988) . The cause of the density variations in these natural cases is still yet unknown, but it is likely to be a combination of influences including time-related consolidation processes, sand within or having passed through the bed, or biological and environmental effects. Overall the values of critical shear stress for erosion, T,,, appear to increase with bed density, but there is a lot of scatter in the data. The line on Fig. 7 represents the relationship derived between 7cr and bulk density for artificially produced sediments (Eq. 3 below) and as can be seen the intertidal data lies below this curve. This could be due to other factors which are not simulated for artificially produced beds such as biological effects, wetting and drying periods and environmental processes which may significantly affect the erosion resistance. There is little data at low bulk densities in the field and whilst this is partly due to practical difficulties of making measurements in soft sediment most intertidal deposits are more dense and consolidated. The scatter in the intertidal data is considered to be because the erosion properties are not principally affected by density (via the sand content), and that there are other factors which are influencing the erodibility such as mud type and sampling techniques. Other researchers have found that the erosion resistance of a muddy sediment increases with biological content through the presence of secreted biopolymers (Paterson, 1989; Paterson et al., 1990) or increased organic content (Young and Southard, 1978) .
Discussion
Critical shear stress and sand content
The critical shear stress for erosion of a sandy bed increases when an adhesive material such as mud is added to sand, up to a maximum erosion resistance at around 30% to 50% mud by weight. (Mud here is defined as grain sizes less than 62.5 km). The addition of 30% mud by weight to a sandy bed can increase the critical shear stress for erosion by as much as a factor of 10. The erosion rate once erosion has been initiated is also significantly reduced. Alvarez-Hemandez (1990) conducted flume experiments investigating the critical shear stress for erosion with increasing percentages (by weight) of Laponite clay added to sand. Different sand sizes were used in these experiments and the results showed that for each sand size there was an anchor point, which was related to the grain size of the sand, and that the critical shear stress steadily increased with added clay content from 0 to 30% by weight. Pluim-van der Velden and Bijker (1992) also observed that the critical shear stress for erosion of natural mixed beds with added sand from the Oester grounds in the North Sea increased over the range 0 to 20% cohesive content. For all tests, the rate of increase was determined by the type of the cohesive material added i.e. its degree of cohesiveness, and the intercept at 0% mud was governed by the grain size of sand used. Fig. 8 depicts the critical shear stress for erosion plotted in terms of the percentage sand content for the tests in which natural muds have been artificially mixed with sand. The plot contains data both for deposited and blended beds and a number of different natural muds and sand types. In the region 0% to 50% sand the data is scattered and there is little increase (as indicated by the regression line) in the critical shear stress with increasing sand content. The scatter is largely attributed to density variations and the cohesive sediment type. Most of the data points in this region represented deposited sediment beds which were under-consolidated and eroded at a critical surface shear stress between about 0.02 N me2 and 0.14 N rne2. At the other end of the plot, additions of mud to sand significantly increase the critical shear stress for erosion in the region 100% to 70% sand (0% to 30% mud). The region between 50% and 70% sand is not clearly defined due to the lack of data but it appears that in this region there should be a maximum in the critical shear stress for mud/sand mixture erosion. A maximum in the critical erosion shear stress is likely to occur in the region 50% to 70% sand because of the smoothing of the sand due to the presence of mud, the cohesive bonding between particles and compaction of the cohesive bed due to the presence of sand. A detailed set of tests on one mud/sand type under a controlled set of conditions is still needed to establish the exact form of the shear stress relationship as a function of sand content across the whole range. Although it appears that the shape of the shear stress: percentage sand curve may be relatively well known further research is required to define the exact functional form in terms of sediment bed properties and the factors controlling the magnitude of the critical shear stress for a given mud/sand type. Fig. 9 shows the critical shear stress against bulk density for the artificial mixed sediment tests which include under-consolidated deposited beds, comprising mixed sediments and mud-only beds, and more consolidated blended beds at higher densities. In general there is an increase in the critical shear stress for erosion with density which is of the form: Tcr = El( Pb -1000)E2
Critical shear stress and density
(3) where pb = bulk density (kg rne3> and El = 0.015, E2 = 0.73, and ~~~ = critical erosion shear stress (N mm2>. This can be compared with a relationship 7,, = 0.0012pj~2 (4) derived by Ockenden and Delo (1988) for deposited mud-only beds with dry density (pd) from 50 to 300 kg m -3. The values of shear stress predicted by Ockenden and Delo (from Eq. 4) are much higher than those predicted from the relationship derived for mixtures at higher densities (Eq. 3). The presence of the high density (more consolidated) artificial bed data limits the rise in the critical shear stress and results in an asymptotic behaviour of critical shear stress to limiting value at high densities. The characteristics of the critical shear stress at high densities show an increase in scatter in T,, with added sand in the range 0% to 50% sand and a decrease in the range 86% to 95% sand. The limiting value of critical shear stress at high densities may be attributed to two factors. The first is that at a high enough density a cohesive sediment will have undergone almost full consolidation and will have reached a minimum in water content, and a maximum in the strength and compaction of the bed. Another reason for the limiting behaviour, may be that at high densities the density is associated with high sand contents and the erosion behaviour is then dependent on the sand type used. In this latter case a scatter in the critical shear stress would be expected at the high density end if the sand was of varying size. Further work is required to establish the nature of the erosion behaviour of highly compacted deposited beds and looser packed beds where an increase in density is attributed to added sand. 
Mode of erosion
The addition of mud to a sandy bed also changes the mode of erosion. For kaolinite added to sand, there is little change in the erosion resistance from that of the sand when less than about 3% mud is present. In this case the mud is washed out from the sand matrix during times of erosion and the sand erodes with ripple formation and migration taking place as if the mud was not present. For Laponite clay added to sand (AlvarezHernandez, 1990) , the transition between cohesionless and cohesive erosion behaviour occurred at between 5% and 15% clay content, and was also dependent on the sand size. Table 2 shows the percentages of mud at which transitional erosion behaviour has been observed. It appears that once typically 3% to 15% mud is added to sand, the binding and smoothing effects become apparent and the sediment erodes as if it were a cohesive bed. This division is broadly in keeping with the BGS (British Geological Survey) sedimentological definition of the transition between sand and muddy sand which occurs at 100/o mud by weight. Once above the transition value of YO mud it is the resultant attractive forces between the cohesive particles which bind the sediment bed together and dominate the erosion resistance. The stickiness of the cohesive material (indicated by the cation exchange capacity and grain size ie surface area: volume ratio) affects both the onset of erosion, the rate at which the sediment erodes, and also the way in which sediment aggregates and the grains detach from the bed once erosion occurs. If the mud content of the mixture exceeds the transition value, the erosion rates can be modelled using the existing equations for cohesive sediments. For mud contents below the transition value, the mixture behaves as a cohesionless sediment and sand transport theories can probably be applied to predict the sediment transport rates. Dade and Nowell (1991) suggested that the binding forces in clay suspensions result from the combination of electrostatic forces, Van der Waals' adhesion force, Brownian (thermal) force and a viscous force arising from a velocity gradient between liquid and solid phases. They suggested that above a threshold solids fraction (Q,,) the clay minerals aggregate to form a network structure which comprises a "mud". The incipient space filling solids fraction was about 0.01 to 0.05, corresponding to sediment concentrations of 20 to 200 kg m-3, which represents the gel point. If this is converted to a % mud fraction by weight it gives 3% to 15% fines, which corresponds to the experimental results. Above this threshold, the clay particles undergo incipient adhesion conditions and form a network structure which they called "space filling" behaviour.
Sediment structure
A loosely packed sand may incorporate up to about 40% volume of mud into the interstitial pore spaces before the sand grains are pushed apart by the further addition of mud particles. Assuming the mud in our experiments was of high density between 500 kg mm3 and 1000 kg mV3, then the filling of the voids within the sand corresponds to between about 10% and 20% mud weight. Thus the critical mud fraction depends on the grain size and porosity of the sand, and the cohesiveness and density of the mud suspension. This theory can be extended to mud and sand mixture behaviour, and it is reasonable to predict that in this situation the clay particles will form a network structure around the sand grains. Fig. 10 shows plates of mixed sediment bed structures of homogenous mixtures of sand and kaolinite at 5% fines and 19.3% fines respectively. The magnification is ca. X 100 and the pictures were taken with a scanning electron microscope. The plate for 5% kaolinite content shows that there are some "threads" of clay floes connecting some of the sand grains, but in general the sand grains are in contact with each other and show distinctive angularity. This plate shows that a network cage of clay has not developed around the sand grains. The plate for 19.3% kaolinite content shows a clear clay cage around the sand grains, and considerable smoothing by the space filling behaviour described earlier. For this mixture the cohesive binding forces dominate.
This may be pictured as a cohesively bound sediment with the sand grains being held within the cohesive matrix. This sediment will behave as a mud because the sand is trapped within the matrix and thus the cohesive forces dominate in this situation. Alvarez-Hernandez (1990) suggested that above the threshold value of cohesive material (5% to 15% mud content for Laponite clay) in a sand bed, the sand grains are covered by cohesive particles and this increases the erosion resistance. This is consistent with the "caging" theory suggested in this paper and explains the observed increase in erosion resistance when mud is added to sand. This behaviour is not evident from the field measurements of erosion shear stress, but there appear to be only a few quantitative measurements of T,, for mixed sediments containing over 60% sand. Therefore more measurements are required to investigate this relationship further for undisturbed sediments.
When the sediment bed is formed after deposition from a suspension containing mud and sand particles, the properties of the deposit vary with depth. This is likely under tidal conditions, when the sand will deposit first from the water column followed by the slower deposition of suspended mud as the current speeds drop approaching slack water. The density increases with depth and if segregation occurs, the mixture composition changes, with each layer comprising of an upper sand-free mud layer and a basal sand layer. Both sand content and density have an impact on the erosion resistance of the bed and the mode of erosion, as explained above. Furthermore, when the bed consists of several layers, the erosion and transport processes are a sequence of bedload and suspended load phases related to cohesionless and cohesive forms of erosion behaviour. The bedload transport and the suspended load transport need to be included when modelling the erosion behaviour and transport rates of sediment mixtures of segregated beds.
Roughness of mixed sediment beds
The physical roughness of the bed changes with the mud and sand content. Most laboratory measurements on mud/sand beds have concentrated on evaluating r,,, and there do not appear to be any measured values of roughness length z, in the same experiments (Dyer, 1986) . It is difficult to predict the erosion behaviour without both of these parameters.
The small-scale structural approach implies that when mud is added to sand the smaller cohesive sediments fill in the spaces between the sand grains, they bind the sand grains within a mud matrix and also make the sediment surface smoother. This has been illustrated in Fig. 10 , in the scanning electron microscope plate. Because the roughness of the bed has a direct influence on the shear stress experienced at the sediment surface, the effect of smoothing a bed will be to locally reduce the applied bottom shear stress under the same hydrodynamic (tidal velocity and water depth) conditions. Typical values for the roughness length (z,) of mud or unrippled sand measured in the field are 0.2 mm and 0.4 mm respectively (Soulsby, 1994) . The value of z, for a mud/sand is greater than both of these values at 0.7 mm (Soulsby, 1994) . Based on the above considerations, typically the addition of sand to mud increases the roughness length by 250% and the addition of mud to sand increases the roughness length by 75%. This large-scale increase in roughness may be due to the surface irregularities which exist in natural cohesive sediments as a result of surface disturbance or erosion, which results in a pitted and irregular surface which still retains its structure due to the cohesive bonding. So although the small-scale surface roughness may be reduced, the large-scale roughness may be greater because cohesive sediment can retain an irregular surface topography (such as hummocks, and cliffing features observed in nature). The drag coefficient at 1 m (100 cm) above the bed can be used to indicate the effect on bottom shear stress T, by the following relationship:
where ~~ = bed shear stress (or bottom friction) (N me'>, p = water density (kg mm3>, C ,00 = fluid drag coefficient, and u,,,~ = velocity at height 1 m above the bed (m s-l). Soulsby (1994) tabulated values of C,,, for mud, mud/sand and sand which were 0.0022, 0.0030 and 0.0026 respectively. These values indicate that with flow velocities lm above the bed remaining fixed, the applied bottom shear stress over a mud/sand bed could be 15% larger than that for a sand bed, and 36% larger than a mud bed. Further research is required to enable the hydrodynamic conditions required for erosion of mixed sediments to be properly evaluated with respect to bed roughness and shear stress. It is also likely that once erosion of a flat cohesive sediment bed occurs, then the roughness will change due to the irregular pattern of surface erosion observed for cohesive beds.
The form of the relationships for 7cr and z, need to be investigated further for combined mud and sand types over the whole range (from 0% to 100% sand), in both artificial and natural bed cases so that sediment transport predictions for mud and sand mixtures can be made. The roughness of a mixed bed will not only be a function of the mud and sand content but will also be affected by the deposition history of the bed, bioturbation, clay swelling effects and the properties of the mud and sand (i.e. cohesive binding forces and the sand median grain size, d,,).
Natural and artificial mixtures
A clear result from the erosion investigations carried out on mud and sand mixtures is the difference in the erosion behaviour observed for artificially produced sediment beds and undisturbed sediment surfaces (core samples or in-situ measurements). Remoulded beds have been found to more closely resemble the natural beds, as was found by Verbeek and Comelise (1994) . The creation of artificial beds in the laboratory have however allowed the parameters affecting erosion to be assessed in turn. A comparison of the relationship between critical shear stress and sand content shows that there is an increasing erosion shear stress with sand for undisturbed sediments over the whole range from 0 to 100% sand (although the data is scarce in the range 50% to 100% sand). There is considerable scatter because of the sediment composition, roughness, and different environmental factors which also affect the critical shear stress for erosion. There appears to be a clear relationship between critical erosion shear stress and sediment bulk density for artificially produced mixed sediments and an asymptotic limit for T,, at around 2 N m-* at high densities. It is interesting to note, that for the undisturbed sample the data generally falls below the curve for the artificial beds. At a given density the critical shear stress is lower for an undisturbed mixed sediment than for an artificially created mixed sediment. The reason for this deviation is not yet known but may be due to other factors which exist in the field such as time-related strengthening effects, biological effects, and periods of wetting and drying.
The difference in the erosion behaviour between undisturbed sediments and artificial mixed sediments may be attributed to the following factors. The artificially created beds have either been mechanically mixed or deposited from suspension. For deposited beds the sediments are generally under-consolidated and have not developed the same structure that would be expected in an undisturbed natural sediment. Time-related structural influences such as biological growth and chemical reactions, which affect the adhesive forces between the cohesive particles have not had sufficient time to develop in these tests and affect the erosion behaviour of the sediments. The densities of the segregated beds represented under-consolidated beds, even though the passage of sand down through the beds may have increased the local densities. For the under-consolidated deposited beds there appears to exist a clear relationship between the critical shear stress and the bulk density and this may be because the beds can be considered "young" and time-related structural effects are not important. For the undisturbed sediments the erosion characteristics are not so clearly defined. The origin of the sediment and the history of the bed obviously has more influence on the erosion behaviour than for "young" sediments and many other factors have had time to contribute to the erosive properties of these samples. The results expressed in this paper show that the composition of a mixed sediment bed, and deposition and consolidation history of the bed can significantly effect the structural properties and thus the erosion resistance of the resulting sediment. Features such as layering and possible compaction of mud by the passage of sand during segregation should be included in predictive models of mixed sediment erosion because homogeneous mixed sediments are rarely found in nature, and more commonly mud and sand occur as layers.
Conclusions
1. The critical shear stress for erosion increases when mud is added to sand, and also when sand is added to mud (mud is < 62.5 pm>. The addition of up to 50% sand to a mud bed can typically increase the critical erosion shear stress by a factor of 2. Conversely, the addition of 30% mud to a sand bed can increase the critical shear stress by as much as a factor of 10.
2. The critical shear stress at sand percentages between 70% and 100% depends on the grain size of the sand (which anchors the critical shear stress at the 100% sand point) and the cohesive properties of the mud.
3. The addition of mud to sand significantly increases the critical erosion shear stress with a maximum value occurring at a sand content of between 50% and 70% by weight (corresponding to a 30% to 50% mud content). 4. If enough mud is added to sand, then the sediment behaves as if it were a mud, and this should be accounted for when modelling erosion from a mixed bed. A structural approach by Dade and Nowell (1991) suggested a threshold value of the solids fraction of a clay suspension above which a networked structure, or clay matrix, is formed. They suggested threshold values of solids fraction between 0.01 to 0.05 (corresponding to sediment concentrations between 20 and 200 kg me31 above which the sediment acts as a mud, and sand grains are trapped within a cohesive matrix. The results in this paper concerning the mode of erosion agree with this theory and indicate that the transition from sandy to muddy-type erosion occurs between 3% to 15% mud by weight. Thus cohesive-type sediment transport equations should be used where more than 15% mud by weight is present.
5. The addition of mud to sand not only delays the onset of erosion by increasing the threshold conditions required for sediment motion, it also diminishes the erosion rates once this occurs. Similarly, the erosion rate of mud decreases with increasing sand content. The erosion rate of a mixed bed can be reduced by a factor of 5 if more than 3% mud is added to sand. It is also reduced by a factor of 10 if more than 20% sand is added to a mud bed. The reduction in erosion rate should also be included when applying sediment transport formulae to mixed sediments. 6. A relationship between the critical shear stress (r,,) and bulk density (ph) was derived for the data from artificial mixed sediment beds. This represented a larger data set of cohesive sediments than has been analysed previously and represented a wide range of deposited mixed sediments. The relationship was of the form:
T,, = El ( Pb -1000) E2
where pb = bulk density (kg me3), El = 0.015, E2 = 0.73, and 7cr = critical erosion shear stress (N m-').
7. Variations in the vertical density structure and mixture composition also affect the mode of erosion and the erosion processes. Muddy layers are eroded predominantly as suspended sediment transport, and sandy layers are eroded as bedload transport with ripple formation a common feature. The erosion of a layered mixed bed should be modelled as a sequence of sandy and muddy erosion events.
8. Critical shear stresses for erosion determined for natural sediments appear to be lower than for artificially produced mixtures even though they represent higher density sediments. The reason for this is at present unclear. There is also a difference in the relationships of erosion resistance with sand content for artificial and undisturbed mixtures which may be due to the large scatter in the data attributable to different sediments and experimental procedures being used.
9. It is recommended that the relationship between erosion resistance (critical shear stress and erosion rates) and bed roughness (z,) are investigated further both for artificial and natural undisturbed mixtures, for single mud and sand types, over the range 0% to 100% sand.
